ABSTRACT: We simultaneously examined seasonal fluctuations in maximum quantum yield (F v /F m ), cell density and genotypic clade composition of zooxanthellae in the sympatric corals Pavona divaricata and P. decussata at a high latitude site in Okinawa, Japan. The 2 species had different responses to seasonal changes in light and seawater temperature. P. decussata was associated only with clade C zooxanthellae (at all sampling times) while genotypic clade composition fluctuated in P. divaricata. Three colonies of P. divaricata harbored clade D throughout the year and the other 7 colonies changed clade type from C to D or vice versa, or contained a mixture of both clades on some sampling occasions. Though neither coral species suffered bleaching during the experimental period, there were F v /F m decreases in P. decussata and P. divaricata harboring clade C during cold and warm seasons; F v /F m of P. divaricata harboring clade D was stable. When exposed to low or high temperature under normal or high light, P. divaricata harboring clade D was less damaged and Photosystem II recovery was faster than in P. decussata harboring clade C. These results suggest that the sympatric congeneric corals have different symbiont switching flexibilities and this difference might account for the observed difference in stress susceptibility between the two species. In high-latitude reefs, both winter low temperatures and summer high temperatures may be potential stressors that cause coral bleaching, at least in corals with high clade C zooxanthellar fidelity. 
INTRODUCTION
Large-scale coral bleaching has been reported over the past 2 decades (Hoegh-Guldberg 1999) . Coral bleaching results from loss of symbiotic dinoflagellates (zooxanthellae) and/or their photosynthetic pigments (Glynn & D'Croz 1990 , Lesser et al. 1990 ) and may lead to mortality of corals (Glynn 1988) . While various environmental stresses cause coral bleaching, large-scale bleaching is generally ascribed to elevated sea surface temperature (e.g. Hoegh-Guldberg 1999) . Corals become bleached when seawater temperature increases by 1 to 2°C above the annual maximum temperature (Hoegh-Guldberg 1999) . Although the mechanism of coral bleaching is not well understood, one possibility is that elevated oxygen stress due to thermal inactivation of the carbon fixation cycle and Photosystem II (PS II) function causes damage to zooxanthellae (Lesser 1996) as well as to the coral host. Coral host cells may expel their symbionts as a protective mechanism against reactive oxygen species (Lesser 1997 , Suwa & Hidaka 2006 , or they may rupture, and thus release algal cells (Glynn et al. 1985) .
Various environmental stressors are known to induce coral bleaching in addition to high temperature (Fitt & Warner 1995) , viz. low temperature (Saxby et al. 2003 , Hoegh-Guldberg et al. 2005 , high levels of solar radiation (Warner et al. 1999) , ultraviolet radiation (Lesser et al. 1990 ), low salinity , and herbicides . The maximum quantum yield of PS II (F v /F m ) measured by pulse amplitude modulated (PAM) fluorometry has been widely used as a tool to estimate the effect of various environmental stresses on the photosynthetic apparatus of various organisms. In corals, F v /F m decline precedes coral bleaching (Jones & HoeghGuldberg 2001 , Warner et al. 2002 . Warner et al. (2002) reported that in Montastraea, a F v /F m value lower than the monthly mean occurred in the summer of a coral bleaching year. Winters et al. (2006) pointed out that the seasonal fluctuation in F v /F m should be considered when coral bleaching is assessed using PAM fluorometry. The global distribution of coral reefs generally coincides with the 18°C monthly lower seawater isotherm (Buddemeier et al. 2004) , and coral populations at high latitudes are thought to suffer cold temperature stress (Coles & Jokiel 1977 , Nakamura et al. 2003 , Saxby et al. 2003 . However, F v /F m seasonal fluctuations have not been documented previously for high-latitude coral reefs.
Zooxanthellae are classified into 8 clades (A to H) based on restriction fragment length polymorphism (RFLP) analysis or the sequence of rRNA encoding genes (Pochon et al. 2004) . Zooxanthellae belonging to different clades have different physiological responses to environmental changes (Rowan 2004 , Berkelmans & van Oppen 2006 ; moreover, physiological characteristics can also vary within zooxanthellae belonging to the same genotypic clade (Tchernov et al. 2004 ). While molecular studies have revealed the genetic diversity of zooxanthellae, ecological or physiological roles of the genotypes are still not well understood. The genotypic composition of zooxanthellae in a single colony may also fluctuate seasonally with or without a particular perturbation (Chen et al. 2005 , Thornhill et al. 2006 . However, there is no study that simultaneously describes seasonal changes in photophysiology and zooxanthellar clade composition in corals. We tracked the seasonal fluctuation in physiological characteristics and genotypic composition of zooxanthellae in the 2 sympatric coral species Pavona divaricata and P. decussata on a high-latitude reef; restricting the study to a single reef allowed us to rule out geographic variation as a factor. We investigated the physiological responses of corals to seasonal changes in environmental conditions by measuring F v /F m values, zooxanthellar density and genotypic clade composition over 1 yr. Since the 2 coral species studied had different symbiont switching flexibilities (1 with high fidelity to 1 clade type and the other with high flexibility), artificial stress-exposure experiments were conducted to compare tolerances of the 2 corals.
MATERIALS AND METHODS
Study site and coral collection. Colonies of Pavona divaricata and P. decussata inhabit a shallow water lagoon (0.5 to 1.0 m depth) at the study site (Bise) on the northern part of Okinawa Island, Japan (26°42' N, 127°52' E). Fragments from 10 tagged colonies of each species were collected by snorkeling monthly from January 2005 to January 2006. Three fragments were collected midway along the vertical axis of each colony to minimize effects of intra-colonial variability. The samples collected were immediately taken to Sesoko Station, Tropical Biosphere Research Center, University of the Ryukyus, 8 km away. On the day following collection, 1 fragment from each colony was immersed in a 2:1 mixture of 20% acetic acid and 10% formalin in filtered seawater for later measurement of zooxanthellar density. The second fragment was preserved in a guanidine solution (4 M guanidine thiocyanate, 0.1% sodium N-lauroylsarcosinate, 25 mM Tris-HCl (pH 8.0), 0.1 M 2-mercaptoethanol) for later identification of zooxanthellar clades. For photophysiological measurements, the third fragment was kept in an indoor tank supplied with unfiltered seawater. The tank was exposed to sunlight through glass roof windows. In some months, fragments from one or two colonies were lost, and analysis was done on 8 or 9 samples.
In addition to the monthly collection described above, samples were collected from the middle parts of 5 untagged colonies of both species on February 2005 and May 2006 for stress experiments. Small fragments were fixed on glass slides with a rubber band and were allowed to recover for 2 wk in the running seawater tank prior to the stress treatments.
Photochemical efficiency of algal PSII. Seasonal variability in algal PSII photochemical efficiency was investigated using a PAM fluorometer (MINI-PAM, Walz). Fragments of the corals were removed from the indoor tank and inserted in a custom-made acrylic black box filled with filtered (0.45 µm) seawater. The fiber optical probe (5.5 mm in diameter) of the PAM was inserted through a hole in the top of the box. The distance between the tip of the probe and each sample was adjusted to 1 cm by stacking glass slides below the samples. The photochemical efficiency (F v /F m ) of PSII was measured after a 15 min dark-adaptation period. The initial fluorescence (F 0 ) was measured by applying pulses of weak red light (< 1 µmol photons m -2 s -1 ), and a saturating pulse (8000 µmol photons m -2 s -1 , 0.8 s duration) was applied to determine the maximal fluorescence (F m ). The ratio of the change in fluorescence (F v = F m -F 0 ) caused by the saturating pulse to F m is a good measure of maximum quantum yield of PSII (Genty et al. 1989 ). Measurements of dark-adapted F v /F m were conducted in the morning (08:00 to 10:00 h) following the day of collection since F v /F m in corals is known to change diurnally (Jones & Hoegh-Guldberg 2001) . The indoor tank was shaded with an 84%-shading mesh until measurements were taken to keep the light intensity in the tank below 100 µmol photons m -2 s -1 . Zooxanthellar density. To measure the densities in coral fragments, pieces were immersed in a 2:1 mixture of 20% acetic acid and 10% formalin for several days to decalcify. Afterwards, coral tissues were homogenized using a Potter homogenizer and replicate counts (n = 8) of zooxanthellae were made using a hemocytometer. Because the fragments used were plate-like in both corals, the projected areas were obtained from 2-dimensional photoimages using Scion Image Software (Scion). The surface areas of the fragments were calculated by doubling the projected areas.
RFLP analysis of zooxanthellar clade. Fragments of coral were crushed with pliers and immersed in a guanidine solution as described above. Dissolved coral solutions were diluted with 2× CTAB solution (4% cethyl trimethyl ammonium bromide; 100 mM TrisHCl, pH 8.0; 1.4 M NaCl) and incubated at 65°C for 1 h. DNA was extracted twice with phenol/chloroformisoamylalcohol and subsequently once with chloroform-isoamylalcohol. Extracted DNA was then diluted with 3 M NaOAC (pH 5.2) and isopropanol was added to the solution. The solution was held at -20°C for 30 min. Pellets of DNA were collected by centrifugation, washed with 70% ethanol and dried with an aspirator before dissolution in TE buffer [10 mM Tris-HCl; 1 mM EDTA, pH 8.0].
PCR amplifications of algal 18S-rDNA and 28S-rDNA were performed in a TP-400 PCR Thermal Cycler SP (TaKaRa) or in a Mastercycler ep (Eppendorf) using Taq polymerase (TaKaRa). 18S-rDNA was amplified using the zooxanthella-specific primer pair ss5z (5'-GCA GTT ATA (A/G)TT TAT TTG ATG GT(C/T) (A/G)CT GCT AC-3') and ss3z (5'-AGC ACT GCG TCA GTC CGA ATA ATT CAC CGG-3') (Rowan & Powers 1991) . PCR amplification of 28S-rDNA was performed with the zooxanthella-specific primer pair lsu-UFP1 (5'-CCC GCTAAT TTA AG-C ATATAA GTA-3') and lsu-URP1 (5'-GTTAGA CTC-CTT GGT CGT GTT TCA-3') (Zardoya et al. 1995) . PCR products were digested using the restriction enzyme Taq I and electrophoresed in a 4% agarose gel. Zooxanthellar clade identification was based on the band pattern of digested 18S-rDNA fragments (Rowan & Powers 1991 , Santos et al. 2002 . When clade C and D zooxanthellae appeared to occur in one sample, the presence of clade D was confirmed by RFLP analysis of 28S-rDNA.
Environmental data. Seawater temperature at Bise (0.5 to 1.0 m) was recorded every second hour using data loggers (HOBO Water Temp Pro, Onset , HL) light. The aquaria were filled with 0.45 µm-filtered seawater, which was agitated by aeration. After 3 h exposure to different temperatures, samples were allowed to recover for 21 h at 26°C in darkness and subsequently in the indoor running seawater tank for 4 d under natural light shining through the glass roof windows (16% reduction below ambient). Photochemical efficiency (F v /F m ) was measured immediately before the stress experiment and every third hour during the first 12 h, every sixth hour during the next 12 h and then at the end of the 4 d recovery period. Aquaria for NT and HT treatments were placed at a room temperature (26°C) in an air-conditioned room and aquaria for LT treatments were placed in a cold temperature (10°C) room. Seawater temperatures were held at the desired temperatures using thermostat-regulated heaters (200 Watt, GEX). Illumination during the stress treatment was provided by metal halide lamps (Eye Clean Ace, IWASAKI) and photosynthetically active radiation (PAR) was measured using a quanta meter (LI-250, LI-COR). Small pieces were taken from the fragments before the stress experiment to identify the clades of zooxanthellae by the PCR-RFLP method described above.
Statistical analyses. All data were tested for normality and heteroscedasticity using Kolmogorov-Smirnov test and Bartlett's test, respectively. Monthly variations in photochemical efficiency and zooxanthellar density were analyzed using two-way mixed ANOVA (followed by post-hoc Bonferroni multiple comparison tests) where Month was analysed as a within-subject factor and Species was analysed as a between-subject factor. The sphericity assumption of errors was tested by Mauchly's sphericity test, and the Huynh-Feldt df adjustment (Huynh & Feldt 1976) was applied when assumptions of the analyses were not met. F v /F m data from stress treatments were analyzed by multiple comparison tests with Bonferroni adjustment. The MannWhitney U-test was used when F v /F m values were compared between the two species in the stress experiments. All statistical analyses were conducted using SPSS v14.0 (SPSS).
RESULTS

Seawater temperature and accumulated daily radiation dose
Seawater temperature obtained from loggers ranged from 17.4°C (28 January) to 34.1°C (4 July). Monthly average of seawater temperature ranged from 20.6°C (February) to 29.6°C (August) (Fig. 1) . Monthly average of total daily solar radiation obtained from Okinawa Meteorological Observatory ranged from 7.36 MJ m -2 d -1 (February) to 22.4 MJ m -2 d -1 (July).
Zooxanthellar clade
PCR-RFLP of 18S-rDNA and 28S-rDNA indicated that Pavona decussata was associated only with clade C zooxanthellae irrespective of sampling time, while clade composition fluctuated in P. divaricata (Fig. 2) . Three colonies of P. divaricata harbored clade D zooxanthellae throughout the year and the other 7 colonies changed zooxanthellar clade from C to D or vice versa, or contained zooxanthellae of both clades C and D at the same time. Colonies of P. divaricata harboring clade C zooxanthellae alone were not observed in July, September, October or November 2006. All P. divaricata colonies examined harbored only clade D zooxanthellae in July and November 2006.
Photochemical efficiency
Significant interactions between month and species were observed for the F v /F m ratios of Pavona divaricata and P. decussata (2-way ANOVA, Table 1 Fig. 3 ). In the statistical tests described above, data for all colonies of P. divaricata were pooled regardless of zooxanthellar clade composition. When colonies of P. divaricata harboring clade D alone were analyzed, the same results were obtained. P. divaricata colonies that harbored clade C zooxanthellae alone showed seasonal fluctuation similar to that of P. decussata; colonies harboring both clade C and D zooxanthellae had a stable response to environmental changes, as did those harboring clade D zooxanthellae (Fig. 3) . However, we could not test these tendencies statistically due to small numbers of P. divaricata colonies with clade C or with C and D. In quadratic regression analyses, statistically significant relationships between monthly F v /F m values and the monthly average of seawater temperatures were found for Pavona decussata (r 2 = 0.144, p < 0.001) and P. divaricata colonies harboring clade C zooxanthellae only (r 2 = 0.472, p < 0.05), but not for P. divaricata colonies harboring both clade C and D (r 2 = 0.006, p > 0.05) (Fig. 4) . Although the regression for P. divaricata harboring clade D was significant, (r 2 = 0.074, p < 0.05, Fig. 4 ), each coefficient in the quadratic equation was non-significant (p > 0.05).
There was no positive relationship between monthly F v /F m values and monthly average daily total solar radiation (p > 0.05, quadratic regression). However, there was a significant negative correlation between monthly F v /F m values and monthly average daily total solar radiation for Pavona decussata (r 2 = 0.150, p < 0.001), but not in P. divaricata (p > 0.05). The 2 species had different responses to seasonal environmental fluctuations, with P. decussata and P. divaricata colonies harboring clade C zooxanthellae alone being more sensitive to environmental changes than P. divaricata colonies harboring clade D alone or both clades C and D.
Zooxanthellar density
Visible bleaching was not observed in either species at the study site at any time in the experimental period. Monthly measurements of zooxanthellar density supported this observation (Fig. 5) . No significant relationship was found between zooxanthellar density and seawater temperature or light intensity. No significant interaction was found in the within-subject analysis of month (2-way ANOVA, Table 2 ), suggesting that sampling month did not influence zooxanthellar density Data are means ± SE during the experimental period. Between-subject analysis of species indicated that zooxanthellar density of Pavona divaricata was higher than that of P. decussata (2-way ANOVA, Table 2 ).
Stress experiments
There was no significant difference between the controls (NT+LL) in the experiment conducted on February 2005 and that on May 2006 (Mann-Whitney U-test, p > 0.05). Accordingly, the data sets for the 2 control experiments were pooled. All samples of Pavona divaricata used for the stress experiments harbored clade D zooxanthellae, whereas P. decussata harbored clade C.
Pavona divaricata had significantly higher F v /F m values than P. decussata after the 3 h stress treatments except for the treatment combination with high temperature and light (HT+HL) (Mann-Whitney U-test, p < 0.05, Fig. 6 (Huynh & Feldt 1976 ) was used to evaluate F ratios for repeated measures involving more than one degree of freedom, and lower bound p-values were calculated ; black shading on x-axis) for 3 h, followed by a continuous (moderate) temperature of 26°C in darkness for 21 h (hatching on x-axis), and then allowed to recover (kept in a tank with running seawater under 84% natural light) for 4 d. Data are means ± SD (n = 5) control and the low temperature treatment under low light (LT+LL) in P. divaricata, whereas a significant difference was observed (between control and LT+LL treatment) in P. decussata (p < 0.05). F v /F m values recovered from stress treatments in all cases. Pavona divaricata had significantly higher F v /F m values than P. decussata after 3 h recovery at 26°C in darkness (Mann-Whitney U-test, p < 0.05, Fig. 6 ) except for the factor combination LT+HL. P. divaricata treated with HT+HL for 3 h had a better F v /F m recovery rate during the following 21 h period at 26°C in darkness than similarly treated P. decussata (Mann-Whitney U-test, p < 0.05, Fig. 6 ). After 4 d recovery in the indoor running seawater tank, F v /F m values returned to almost pre-treatment levels in both species except for the HT+HL groups. For the treatment combination HT+HL, there was a significant difference in F v /F m between coral species at the end of the 4 d recovery.
DISCUSSION
We examined seasonal changes in maximum quantum yield of PSII (F v /F m ) and zooxanthellar clade composition simultaneously in 2 sympatric, congeneric corals Pavona divaricata and P. decussata on a highlatitude reef. The 2 species had different symbiotic partner flexibilities and responded differently to seasonal environmental fluctuations. P. decussata, which always contained clade C zooxanthellae, was more sensitive to seasonal environmental changes than P. divaricata, which was usually associated with clade D zooxanthellae, but also contained other clades (C alone, or a combination of C and D).
In Pavona decussata, F v /F m values fluctuated seasonally and declined significantly in early spring and summer. P. divaricata colonies harboring clade C zooxanthellae alone showed a similar seasonal fluctuation (Fig. 3) . Although this similarity could not be statistically tested due to small number of P. divaricata colonies with clade C zooxanthellae, F v /F m values of P. decussata and P. divaricata colonies harboring clade C zooxanthellae alone decreased at both high and low temperatures (Fig. 4) . In contrast, F v /F m varied little seasonally in P. divaricata colonies harboring zooxanthellae of clade D or both clade C and D (Fig. 3) . Results suggest that dinoflagellate symbiont type plays an important role in determining photophysiological responses of the holobiont to seasonal changes in environmental conditions. Some corals harbor multiple genotypic clades of zooxanthellae, and zooxanthellar clade composition in them flucuates seasonally (Chen et al. 2005 , Thornhill et al. 2006 . In Pocillopora verrucosa and P. damicornis, colonies harboring clade D zooxanthellae are more tolerant of high temperature stress than those harboring clade C zooxanthellae (Rowan 2004) . Clade D zooxanthellae of Oulastrea crispata may also tolerate cold temperatures (Chen et al. 2003) . Our study describes seasonal changes in photophysiology and zooxanthellar clade composition of 2 congeneric, sympatric corals simultaneously and showed, for the first time, that these corals differ in fidelity to symbiont type and respond differently to seasonal environmental changes.
The stress experiments also showed that Pavona divaricata colonies harboring clade D zooxanthellae were more tolerant to high or low temperature stress than P. decussata colonies harboring clade C zooxanthellae (Fig. 6) . Association with clade D zooxanthellae might render P. divaricata tolerant to seasonal environmental changes, especially high temperature and high light stress in summer. From July to November 2005, when average seawater temperature was > 25°C, most colonies were associated with clade D zooxanthellae and only one sample in August was found to harbor clade C zooxanthellae alone. Pavona divaricata is known as a stress tolerant species and has high recovery rates for both F v /F m and maximum electron transport rates (ETR max ) after temperature and light stresses (Yakovleva & Hidaka 2004a) . The coral also contains a high amount of Myc-Gly (a mycosporin-like amino acid, MAA, with an antioxidant function) in the host tissue (Yakovleva & Hidaka 2004b) . Since host corals may also play an important role in the stress tolerance of holobionts (e.g. Bhagooli & Hidaka 2003) , the role of host in the observed difference in the stress tolerance between two Pavona species remains to be studied.
Declines in dark-adapted F v /F m are generally considered to reflect either short term dynamic photoinhibition known as photoprotection or long term chronic photoinhibition known as photodamage (Jones & Hoegh-Guldberg 2001) . The reduction of F v /F m induced by down-regulation of PSII or by the function of the xanthophyll cycle is considered a photoprotective process and proceeds on a timescale of minutes ). Dynamic photoinhibition due to damage to the D1 protein in PSII recovers on a timescale of minutes to hours , while chronic photoinhibition due to severe damage to PSII recovers much more slowly and is associated with coral bleaching (Warner et al. 1999 , Jones & HoeghGuldberg 2001 . Because measurements of F v /F m in our study were conducted in the morning (08:00 to 10:00 h) without exposure to full sunlight, observed seasonal declines of F v /F m in Pavona decussata might be due to long term photoinhibition responses carried over from the previous days.
The (Warner et al. 2002 , Winters et al. 2006 . Seawater temperature at the site of collection increased from February to August and monthly average daily seawater temperature exceeded 29°C in July and August (Fig. 1) . Monthly average of daily recorded solar radiation rose from February to April and peaked in July after the rainy season (late May to late June). The F v /F m decline in March might be due to cold seawater temperature accompanied by a sharp rise in light intensity. The photosynthetic apparatus of zooxanthellae that are acclimated to weak light might become inactivated by the increase in sunlight (Hoogenboom et al. 2006) . The mechanism of photosynthetic inactivation induced by cold temperature in corals is thought to be similar to that induced by high temperature (Saxby et al. 2003) . Severe coral bleaching by abnormally low seawater temperature occurs in high latitude coral populations in Kushimoto, Japan (33°29' N, 135°46' E) (Nomura 2004 ) and on the southern Great Barrier Reef, Australia (23°26' S, 151°55' E) (Hoegh-Guldberg et al. 2005) .
The F v /F m declines in our study were small, even in Pavona decussata. However, it is likely that greater anomalies in seawater temperature and light intensity will produce more prominent changes in F v /F m . Although no bleaching phenomenon was observed during the experiment, the seasonal fluctuations of F v /F m values might reflect a photophysiological response of the coral to stresses that were below the threshold for bleaching; seasonal changes in F v /F m could be useful in assessing the health and bleaching susceptibility of corals.
Pavona decussata has a wider distribution than P. divaricata in Japan (Veron 2000) , though P. decussata from Okinawa has higher sensitivity to environmental changes. Six colonies of P. decussata collected from a higher latitude shallow (2.5 to 3.0 m in depth), non-reef area at Shirahama (33°40' N, 135°21' E), Japan harbored only clade C zooxanthellae (authors' unpublished data). This suggests that P. decussata maintains its high fidelity to clade C zooxanthellae even at higher latitudes, though we cannot rule out the possibility that P. decussata colonies in different environments may associate with genotypically and physiologically different zooxanthellar genotypes. Further studies are necessary to understand the relationship between zooxanthellar genotypes and geographic distribution of corals at high latitudes.
In summary, the two sympatric Pavona species had different fidelities to symbiont types and different tolerances to seasonal environmental changes. Pavona decussata, which was associated only with clade C zooxanthellae had biannual declines in the photochemical efficiency (F v /F m ). The seasonal F v /F m fluctuation may reflect photophysiological response to stresses that potentially cause coral bleaching and might be a useful parameter for assessing bleaching susceptibility of corals. Biannual F v /F m declines in P. decussata show that both high temperature in summer and low temperature in winter may be coral bleaching causal factors in high-latitude reefs.
